Wettability at the surface of an implant material plays a key role in its success as it modulates the protein adsorption and thereby influences cell attachment and tissue integration at the interface. Hence, surface engineering of implantable materials to enhance wettability to physiological fluid under in vivo conditions is an area of active research. In light of this, in the present work, laser-based optical interference and direct melting techniques were used to develop synthetic microtextures on Ti-6Al-4V alloys, and their effects on wettability were studied systematically. Improved wettability to simulated body fluid and distilled water was observed for Ca-P coatings obtained by direct melting technique. This superior wettability was attributed to both the appropriate surface chemistry and the three-dimensional surface features obtained using this technique. To assert a better control on surface texture and wettability, a threedimensional thermal model based on COMSOL's multiphysics was employed to predict the features obtained by laser melting technique. The effect of physical texture and wetting on biocompatibility of laser-processed Ca-P coatings was evaluated in the preliminary efforts on culturing of mouse MC3T3-E1 osteoblast cells.
Introduction
When an implant material is placed inside a human body, among the plethora of events that take place, the first and the foremost one is the wetting of the implant material by the physiological fluids. This further controls the adsorption of proteins, followed by attachment of cells to the implant surface. Hence, the surface wettability is considered to be an important criterion that can dictate the biocompatibility of the implant material. The three most important factors that affect the wettability of a surface are its chemical composition, microstructural topography and surface charge.
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This journal is © 2010 The Royal Society Keeping this in mind, several research groups have studied the interaction of different types of cultured cells or blood proteins with various solid substrates having different wettabilities to correlate the relationship between surface wettability and cell or blood compatibility (Yuehuei & Richard 1998; Jones et al. 2000; Wei et al. 2007) . Wei et al. (2007) modelled the surfaces of hexamethyldisiloxane to different degrees of wettability and thereby studied their effects on cell attachment, cell proliferation and cell morphology. Plasma polymerization followed by O 2 plasma treatment was used to modify the surface of hexamethyldisiloxane. The authors concluded that, with an increase in O 2 plasma treatment duration, there was a decrease in the contact angle of distilled water and an increase in attachment of L929 cells on these surfaces. Such an improvement in biocompatibility was attributed to the introduction of more hydrophilic (−COOH) groups and a decrease in hydrophobic groups such as −CH 3 on the surface.
Adsorption of a protein to the surface of an implant material also modulates the surface roughness and thereby the wettability and cell adhesion. Fibronectin, a well-known extracellular matrix and cell-adhesive protein, was coated on Ti surfaces, and its effect on cell compatibility was studied by various researchers (Schneider & Burridge 1994; Sauberlich et al. 1999; Scheideler et al. 2003) . Coating of Ti with this extracellular matrix protein enhanced the focal adhesion and spreading of osteoblast and gingival fibroblast on these surfaces (Schneider & Burridge 1994; Sauberlich et al. 1999; Scheideler et al. 2003) . This in vivo-derived cell-adhesive protein gets adsorbed to the surfaces of the endosseous implants, as they are exposed to the patient's blood during surgery (Rupp et al. 2004) . The osteoblast precursors then adhere to these proteins and thereby provide a matrix for cell adhesion through integrin-mediated mechanisms. Apart from influencing the wetting behaviour on the cellular level, biological responses such as orientation and migration of cells and the cellular production of organized cytoskeletal arrangements are also directly influenced by the surface topography (Flemming et al. 1999) . Hence, it is well established that surface roughness plays an important role in determining successful osseointegration of Ti implants.
Until now, most surface modification techniques are aimed at achieving the appropriate surface chemistry and surface topography for enhanced bone-toimplant fixation and increased biomechanical interlocking with bone (Pilliar 1998; Cooper 2000; Perrin et al. 2002) . There are only a few reports dealing with the initial interactions of these surfaces with the simulated body fluid (SBF) in terms of the wetting perspective (Hao et al. 2004 Lawrence et al. 2005; ). However, recent reports on wetting behaviour of various types of morphologically textured surfaces have increased our understanding of which requirements a surface topography has to fulfil to induce a specific hydrophilicity or hydrophobicity during contact with a liquid phase (Bico et al. 2001 (Bico et al. , 2002 Palasantzas & De Hosson 2001; Ishino et al. 2004; Ma et al. 2005 Ma et al. , 2007 Sheng et al. 2007; Bhusan et al. 2009; Yong & Zhang 2009 ). Hence, in the present work, attempts are being made to better understand these findings by conducting wetting experiments on defined surface morphologies and predicting the wetting behaviour based on theoretical thermodynamic models on arbitrarily structured surfaces. Laser-based optical interference patterning and direct melting techniques were employed to generate the surface morphologies on Ti-6Al-4V at two different length scales. Furthermore, a three-dimensional thermal model based on COMSOL's multiphysics was developed to predict the evolution of surface features, thereby asserting a better control on the laser processing parameters for tunable wettability. A preliminary, mouse MC3T3-E1 osteoblast cell culture study on Ca-P laser-coated Ti-6Al-4V was conducted to observe the effects of surface texture and wettability.
Laser microtexturing (a) Interference patterning
The samples were surface treated using a linear polarized third harmonic of a Q-switched Nd:YAG laser (Coherent Infinity, Santa Clara, CA, USA). In this technique, the primary laser beam was split into two coherent sub-beams that were guided using an optical system to produce interference at the sample surface. This allows the creation of periodic surface textures at length scales ranging from micro to nano in a single-step process. A detailed schematic set-up of the process is illustrated in figure 1 (Engleman et al. 2005) . The area irradiated by the laser beam was approximately 0.5024 cm 2 . The geometry of the pattern depends on the wavelength and the angles between the beams. The two interfering laser beams create a sinusoidal intensity distribution with high-and low-intensity lines. The distance w between the high-intensity spots (periodicity) can be varied with the angle (b) between the beams as per the following Bragg's equation (Daniel et al. 2003 (Daniel et al. , 2005 Engleman et al. 2005; Lasagni et al. 2006 Lasagni et al. , 2007 : (Dabhade et al. 2007 ) viscocity of precursor (Ca-P tribasic) 6.8 mPas ) surface tension precursor (Ca-P tribasic) 28 mN m −1 ) latent heat of melting of precursor (Ca-P tribasic) 49.9 kJ mol −1 (Dyshlovenko et al. 2004) latent heat of melting of substrate 290 kJ mol −1 (Boivineau et al. 2006) In the present work, the patterns were obtained by varying the laser power. The pillar-like patterns were synthesized in a two-step process, in which the sample periodicity w was kept constant at 2.5 mm. Two different surface textures, i.e. groove-and pillar-like, were rotated 90
• prior to the second irradiation. The processing parameters employed in laser interference patterning are listed in table 1.
(b) Direct writing
In the direct writing technique, the samples were scanned using a 400 W average power, JK701 model, pulsed Nd:YAG laser to obtain a metallurgical bonding between the precursor and the substrate material. The laser was equipped with a fibre-optic beam delivery system to transfer the laser beam from the laser head to the material. The control panel for the laser allows control of the pulse Figure 2 . Schematic of the pulsed Nd:YAG laser system used for the coating process height, pulse width, pulse repetition rate and pulse shape. The lens assembly is equipped with a 120 mm focal length convex lens, which gives a spot diameter of approximately 240 mm at focus. The focused spot is kept at approximately 0.8 mm above the surface of the sample so as to have a spot size of approximately 900 mm on the surface. A schematic set-up of the laser system is shown in figure 2 ). The processing parameters used for the above process are listed in 
where V is the laser scan speed, f the pulse repetition rate and R the beam radius. Hence, four different samples with spot overlap varying as 65, 55, 28 and 5.5 per cent were obtained.
(c) Pre-and post-laser treatment surface preparation and characterization Substrate coupons of Ti-6Al-4V (100 × 50 × 3 mm) were cut from rolled sheets using an abrasive cutter. For interference patterning, the cut coupons were prepared by polishing with emery papers of different grits ranging from 200 to 1000 mm in succession, followed by disc polishing with colloidal silica of 0.3 and 0.05 mm to get a mirror-finished surface. For sample processing by the direct melting technique, substrate coupons of Ti-6Al-4V (100 × 50 × 3 mm) were prepared for coating by initially polishing using a 30 mm grit silicon carbide emery paper, followed by rinsing with acetone. Calcium phosphate tribasic (Ca 5 (OH)(PO 4 ) 3 ) powder obtained from Fisher Scientific was taken as the precursor material. This precursor powder had a spherical morphology with a unimodal distribution in the range of 10-30 mm. The precursor was mixed in a water-based organic solvent LISI W 15853 obtained from Warren Paint and Color Company (Nashville, TN, USA). The mixed slurry was then sprayed onto the preheated (approx. 50
• C) substrate coupons using an air-pressurized spray gun. The sprayed coupons were air-dried to remove the moisture, and a uniform thickness of 40 mm was maintained for all pre-coating deposits.
Surface roughness of the laser-treated samples was measured using a white light interferometer. Contact angles on the surface-modified Ti-6Al-4V and Ti-6Al-4V control (Ra) with distilled water and SBF were measured by a static sessile drop technique. The SBF solution was prepared by mixing reagent grade chemicals in the following order: NaCl (8.026 g), NaHCO 3 (0.352 g), KCl (0.225 g), K 2 HPO 4 ·3H 2 O (0.230 g), MgCl 2 ·6H 2 O (0.311 g), CaCl 2 (0.293 g) and Na 2 SO 4 (0.072 g) in distilled water (700 ml). The fluid was then buffered to pH = 7.4 at 37
• C with tri-hydroxymethyl-aminomethane (6.063 g) and hydrochloric acid (40 ml). A liquid droplet of volume 3 ml (droplet diameter of 2 mm) was placed on the thoroughly cleaned sample by a hypodermic syringe, and the advancing contact angle was taken as a measure of wettability. The test was conducted at room temperature, and a minimum of 10 contact angle readings were taken on each sample to minimize errors in the measurement. Further, the measurement was based on the patented half-angle method (US Patent no. 5268733), which eliminates the errors associated with the arbitrary tangential alignment.
For cell culture studies, mouse pre-osteoblast cell line MC3T3-E1 cells (subclone 14, American Type Culture Collection (ATCC)) were seeded on the surfaces of UV-sterilized samples placed in 24-well culture plates at a density of 1.25 × 10 5 cells cm −2 . The cells were cultured in a minimum essential medium (MEM) (Invitrogen, USA) supplemented with 10 per cent foetal bovine serum (Thermo Scientific) and 1 per cent penicillin/streptomycin (Invitrogen) at 37
• C under 5 per cent CO 2 in air in a humidified incubator.
For cell morphology analysis using SEM, cells cultured on the sample were fixed with 3 per cent glutaraldehyde in 0.1 M cacodylate for 1 h and rinsed three times with phosphate-buffered saline (PBS). The sample was further processed in 2 per cent osmium tetroxide in 0.1 M cacodylate for 1 h, dehydrated with a series of increasing concentrations of ethanol (25, 50, 70, 95 and 100%) , critical point dried and sputter-coated with gold for SEM observation. For immunocytochemical staining of the actin filament, the cells cultured on the sample were fixed with 4 per cent paraformaldehyde (Sigma-Aldrich) in 1x PBS for 30 min at 4
• C. After washing with PBS, the sample was permeabilized with 0.1 per cent Triton X-100 (Fisher Scientific) in 1x PBS for 5 min, blocked with 1 per cent bovine serum albumin (Sigma-Aldrich) for 30 min and stained with 2 per cent Alexa 594 conjugated Phalloidin (Invitrogen) fluorescent dye for 1 h. Cell nuclei were counterstained with 0.1 per cent 4 ,6-diamidino-2-phenylindole (Chemicon) in 1x PBS for 5 min. The sample was then washed three times with 0.05 per cent Tween-20 (Sigma) in 1x PBS before and after the staining steps. All the staining procedures were carried out at room temperature. High-resolution fluorescence images were captured using an upright fluorescence microscope (Nikon).
Computational model for predicting effects of laser parameters on surface morphology
As the geometry and design of surface structures strongly affect the wettability, it was vital to understand the different physical phenomena taking place during laser-material interaction and their effects on evolution of the surface morphology.
(a) Laser-material interaction
The excitation energy provided by the laser is rapidly converted into heat, and this is followed by various heat transfer processes such as conduction into the material, convection and radiation from the top and bottom surfaces. The temperature distribution within the material as a result of these heat transfer processes depends on the thermo-physical properties of the material (density, absorptivity, emissivity, thermal conductivity and specific heat), dimensions of the sample and the laser processing parameters (absorbed energy, processing speed and beam cross-sectional area). In light of this, the thermal predictions were modelled using COMSOL's transient heat transfer mode. In the case of the direct writing method, the processing was performed on a substrate (Ti-6Al-4V) with a precursor deposit (calcium phosphate tribasic) for textured coating. Hence, the precursor represented in the form of a slab was coupled with another slab representing the substrate. The laser parameters that were considered were pulse width, pulse repetition rate and pulse energy. In contrast, in the interference patterning technique, the original beam is split into two beams, which in turn are constructively superimposed to generate several intense lines. Analogous to a single beam, each of these intense lines simultaneously interacts with the substrate to generate corresponding thermal effects, thereby producing a physical texture on the surface. Unlike direct writing, the interference patterning technique was employed to produce a physical texture directly on the substrate (Ti-6Al-4V) without using a coating precursor.
The model described below predicts the surface morphological (physical) changes owing to the thermal effects under a single laser beam that can be further extended for subsequent multiple laser beam runs in the case of direct writing and for simultaneous multiple laser lines owing to a constructive interference in the case of interference patterning. The effective energy density input to the system affects the temperature evolution and is discussed in the next section.
The conduction of the heat into the material is in accordance with Fourier's second law of heat transfer,
where T is the temperature field, t is the time, x, y and z are the spatial directions, r, C p (T ) and k(T ) are the density, specific heat and thermal conductivity of the material, respectively. For improved accuracy of calculations, variation in the thermal conductivity and specific heat of the precursor and substrate was considered in the model to be a function of temperature (Dyshlovenko et al. 2004; Boivineau et al. 2006) . The balance between the absorbed laser energy at the surface and the radiation losses is given by
where P is the effective incident peak power density discussed in the next section, a is the absorptivity of the material (0.1; Guillot-Noël et al. 1996) , 3 is the emissivity of thermal radiation, T o is the ambient temperature (300 K), t p is the on-time for the laser discussed in the next section and s is the Stefan-Boltzmann constant (5.67 × 10 −8 W m −2 K −4 ). The term d takes a value of 1 when time t is less than laser on-time t p and it is 0 when time t exceeds laser on-time. Thus, the value of d depends on time t and ensures that the energy is input to the model only when the laser is on and cuts off the energy supply when the laser is switched off. The convection taking place is
where H is the thickness of the sample being processed and h(T ) is the temperature-dependent heat transfer coefficient (Incropera & Dewitt 1985) .
(b) Effective incident peak power density
While scanning the material surface, several laser tracks are laid subsequently (direct writing technique) or simultaneously (interference patterning), and the length of a single track is equal to the distance between the centre of the first pulse and the centre of the last pulse. Furthermore, it is assumed that the morphology corresponding to an area equal to a single beam spot would be repeated for the entire length of the track. Within a single track, the overlap (s x ) between adjacent pulses is given by equation (2.2). The distance b travelled by the beam between two adjacent pulses is given by
As the laser beam moves with a constant velocity V , multiple laser pulses will be required to process an area equal to the beam spot diameter (2R), as shown in figure 3 , and the number of pulses N required to process this area is given by (Samant 2009) :
The corresponding overlap of each pulse over the spot area is given by
where n is the number of the pulse ranging from 1 to N , b is the distance travelled by the laser beam between consecutive pulses and R is the beam radius. The values of s x and N would depend on the beam radius and the laser scanning speed. Figure 3. Overlap of successive laser pulses over a single spot area.
As shown in figure 3, the overlap s pulse was different for each pulse (s pulse2 , s pulse3 and s pulse4 , corresponding to overlap of the second, third and fourth pulses, respectively, over the spot area of the first pulse). The contribution of each of these pulses to effective energy falling on every spot area (Incropera & Dewitt 1985) was s pulse × e, where e is the energy of the individual laser pulse. The total effective energy Q incident on a spot area due to N pulses is given by
As seen later, in this study, the beam radius will be varied and its effect on the evolved morphology will be studied. Assuming beam distribution in temporal and spatial evolution to be uniform, the corresponding effective peak power density P within a single spot area is given by equation (3.8) below, and this energy density would be incident for time t p equal to (N × p) seconds, where p is the pulse width of each incident pulse,
The energy density and time of incidence are input to the model described earlier, and it would govern the temperature evolution when the laser beam is incident on the material. The temperature evolution instigates Marangoni convection that affects the surface morphology, as seen in §3.3.
(c) Marangoni convection
The surface temperature evolves in accordance with equations (3.1-3.3), and a melt pool is formed when the temperature exceeds the melting point of the material. The melt depth z was obtained from the surface by tracking the melting point of the lowest melting component of the system Ti-6Al-4V (1800 K; Boivineau et al. 2006) for both direct writing and interference patterning. Similarly, the width of the melt pool w on the surface was predicted by tracking the melting point of Ca-P (1843 K; Dyshlovenko et al. 2004) for direct writing and of Ti-6Al-4V for interference patterning. For a given set of processing conditions, the surface temperature increases with an increase in energy density. Furthermore, the temperature is highest at the centre and lowest at the border of the molten pool. This temperature gradient in the vertical direction creates Marangoni forces and leads to the formation of a surface tension gradient towards the border of the molten pool (Carles et al. 1990; Zhang et al. 2008) . The molten material is thus pulled towards the border of the molten pool, causing the material to pile up at the edge of the pool. At the end of laser on-time t p , the balance melt (remaining after a portion is pulled towards the edge) and the pile-up material solidify because of the high cooling rates encountered in laser processing (of the order of 10 7 -10 8 K s −1 ), leading to the formation of a depression on the surface along with solidified pile-up material at the boundary of the depression.
The average velocity of displacement of the molten material (fluid) v z from the hotter to the cooler regions is governed by the Navier-Stokes equation (expressed in cylindrical coordinates) as
where h(T ) and a(T ) are the temperature-dependent dynamic viscosity and surface tension, respectively, of the melt, z is the melt depth from the surface and r is the radial coordinate. The origin of the cylindrical coordinate system is located on the surface of the sample and at the centre of the laser beam. The change in morphology of the fluid by the laser impact Dz is the integral of v z (equation 3.9) over time and is given by (Schwarz-Selinger et al. 2001 )
where I and z 2 are the integrated temperature and average melt depth, respectively, and are defined as
and
where T s and T m are the surface and melting temperatures, respectively. Furthermore, as the majority of the incident energy is absorbed by the latent heat of melting L, the melt depth z is approximately given by
where L is the latent heat of melting and Q th is the threshold energy required for melting, which is obtained by iterating the thermal model for different absorptivity values and selecting that value of incident energy for which the temperature at the surface is just equal to the melting point of the precursor calcium phosphate tribasic (1843 K; Dyshlovenko et al. 2004) or substrate Ti-6Al-4V (1800 K; Boivineau et al. 2006) . Also, the temperature evolution is mainly governed by the melt depth and the thermal conductivity of the material, and the integrated temperature is given by
Replacing differentials of r in equation (3.10) by the laser beam radius R, the evolution of morphology Dz is given by (Schwarz-Selinger et al. 2001 )
(3.15)
As in the case of direct writing, the melt composed of both the precursor and the substrate, and the law of mixtures was used to determine the properties of the melt such as latent heat of melting, dynamic viscosity and surface tension of the melt based on the percentage contribution of the precursor and the substrate to the melt. In contrast, for interference patterning, in the absence of coating precursor, the properties of only Ti-6Al-4V are considered. When the melt depth z was greater than 40 mm, it was assumed that the entire precursor melted and the remaining depth (z − 40) mm of the melt pool was contributed by the substrate. The dynamic viscosity of the substrate was assumed to be the same as Ti and was given by (Dabhade et al. 2007 ) (3.16) where R g is the gas constant and Q h is the activation energy. The variation of the surface tension of the substrate as a function of temperature was given by (Schneider et al. 2002) a = 1.389 ± 0.09 − 9.017 × 10 −4 ± 5.64 × 10
In general, the different steps involved in the evolution of the surface topography for an area equal to the spot diameter as a result of the above-mentioned effects are illustrated in figure 4 . The values of the laser beam radius were varied from 150 to 450 mm typically used in the present work, and the temperature evolution was predicted using the above-described model (equations 3.1-3.17). Furthermore, as mentioned earlier, the width of the melt pool w was also predicted by tracking the melting point of calcium phosphate tribasic for direct writing and of Ti-6Al-4V for interference patterning on the surface, and a correlation with the beam radius R was obtained. A relation of w = R, w = 1.1R and w = 2R was obtained for the beam radii of 150, 300 and 450 mm, respectively, and the corresponding evolution of morphology is Figure 4 . Different steps involved in the evolution of the surface morphology at various times (t 1 < t 2 < t 3 ) for a single laser beam. shown in figure 5 . In this study, the capillary effects were neglected as they are not dominant when the thickness of coatings and/or the melt depth is of the order of a few microns (Schüssler et al. 1992) . As mentioned earlier, the process of formation of a depression and associated pile-up corresponding to an area equal to spot diameter repeats itself for successive laser runs and the sinusoidal morphology evolves as shown in figure 6 , where w is the wavelength (width of depression or width of melt pool) and A is the amplitude (distance between the centre-line passing through the profile and the highest point on the surface). The amplitude A is representative of and proportional to the depth of depression or depth of melt pool. A flow chart representing the evolution of the surface topography starting with the laser processing conditions and material properties is shown in figure 7 .
Since the invasion or the wetting behaviour of a liquid on a solid surface depends on the surface design and the above-mentioned geometrical parameters, an understanding of or the estimation of such parameters owing to laser-material interaction will provide a strong base for tuning wettability. Assuming a constant spot size, it can be realized from equation (3.15) that, with increasing effective input laser energy, the depth or the height of the features (depression) can be increased for a possible hydrophobic surface because of air entrapment. On the contrary, for improved wettability and desirable cell compatibility, the samples must be processed within the regime of lower effective laser energy. 
The effects of surface morphology on wettability
Using the laser-based optical interference technique, textured surfaces with groove-and pillar-like features were obtained on the flat Ti-6Al-4V sample by varying the laser power. The two-and three-dimensional morphological evolution of the groove-like features obtained using a one-step irradiation under a laser power of 3.82 W is presented in figure 8a ,b, respectively. From figure 8a,b (twoand three-dimensional morphological evolution, respectively), it can be observed Figure 8 . Groove pattern on Ti-6Al-4V by the laser interference technique (3.82 W laser power): (a) two-dimensional morphological evolution, (b) three-dimensional morphological evolution and (c) variation in height and width (across the line scan) of the features obtained using a one-step irradiation.
that the spacing or the periodicity w (equivalent to the width of the depression or width of the melt pool) of the pattern is approximately 2.5 mm. Further, the variation in height h of the grooves across the sample in x-direction (figure 8c) also clearly proved the width w to be approximately 2.5 mm. As discussed earlier, since the angle b between the beams is kept constant in this process throughout the experiment, there was no change in the periodicity or width w of the patterns. With varying laser power only, the feature size h is varied in the z-direction, and an increase in feature size is realized with increasing laser power (table 2) . This is attributed to the fact that, with increasing laser power, there is an increase in molten pool and thereby an increased temperature gradient across the vertical direction, resulting in greater Marangoni forces. As discussed earlier, this Marangoni force may have resulted in extensive surface tension gradients across the border, expelling a substantial amount of the liquid melt from the pool and thereby resulting in a bigger groove at higher laser power. In order to generate pillar-like features, the sample once irradiated was rotated 90
• and irradiated again with five pulses. Hence, it was a two-step process, with the effective number of pulses being doubled compared with the groove-like features. The two-and three-dimensional morphological evolution of the pillarlike features obtained under a laser power of 3.82 W is presented in figure 9a ,b, respectively. From a line scan across the sample (figure 9c), it was observed that the width d at full-width-half-maxima (FWHM) and the periodicity w of the pillars were approximately 1.04 and 2.5 mm, respectively. Again, the periodicity is dependent on the angle b between the beams. Therefore, in the pillar patterns also, the only physical feature that was varied with varying laser power was the height h of the pillars. It was observed that there is an increase in the pillar height h with increasing laser power (table 2) as per earlier discussion.
Contact angle measurements on both the groove and pillar patterns were conducted using distilled water and SBF. Selected images of the droplet shadow on the goniometer are presented in figure 10 . It can be observed that the distilled water droplet (figure 10a-c corresponding to flat, groove-patterned and pillarpatterned Ti-6Al-4V, respectively) subtended a higher contact angle than the SBF droplet (figure 10d-f corresponding to flat, groove-patterned and pillarpatterned Ti-6Al-4V, respectively). The chemical angle or the Young angle q obtained on the flat Ti-6Al-4V averaged around 67.98
• for distilled water and 59.2
• for SBF (table 2) . Furthermore, it was observed that there was a decrease in the apparent contact angle q * (using SBF and distilled water) with decreasing laser power for the groove-like patterns; however, no such distinct trend was observed for the pillar patterns. This disparity is mostly due to their geometrical structure (groove and pillar features) and can be justified based on the Cassie and Baxter model. According to the Cassie and Baxter model, the apparent contact angle q * on a surface with chemical patch work or rough features entrapped with air is given as (Ishino et al. 2004) cos q * = f 1 cos q 1 + f 2 cos q 2 , (4.1)
where f 1 and f 2 represent the surface area fraction of the liquid in contact with the solid and air, respectively, and q 1 and q 2 represent their corresponding contact angles. Hence, according to their model, when a liquid drop is placed on a composite surface with solid and air patches in it, the liquid does not follow the surface contours and sits upon the composite surface as it is pushed by the air. As the grooves in the groove pattern are bridged by a certain amount of material, air entrapment within them is more feasible. Also, with increasing laser power, there is an increase in the height h of the grooves (width w of the grooves is constant) and thereby an increased volume of trapped air pockets resulted in an increase in apparent contact angle q * . In contrast, for the pillar patterns, there is an open volume within the pillars, and hence air entrapment may not Figure 10 . Light optical images of the distilled water droplet shadow on (a) flat Ti-6Al-4V, (b) groove-patterned Ti-6Al-4V and (c) pillar-patterned Ti-6Al-4V and those of the SBF droplet shadow on (d) flat Ti-6Al-4V, (e) groove-patterned Ti-6Al-4V and (f ) pillar-patterned Ti-6Al-4V. be possible. Further, as there is not much variation in the height h of the pillars (width d and periodicity w of the pillars being constant) with increasing laser power, their roughness factor R f = 1 + 2(h/d) (the ratio of the solid area to its projected area as explained later) did not vary much, and, hence, a noticeable change in the apparent contact angle could not be expected.
Also from the droplet shadow images (figure 10) and from table 2, it can be seen that there is an increase in the apparent contact angle q * for the interference-patterned samples compared with the chemical angle obtained on the flat sample. Therefore, the presence of groove and pillar features obtained using the laser interference technique with the present set of processing parameters (table 1) resulted in tuning the surface towards a less hydrophilic behaviour. This reduced wettability on the patterned samples can further be explained with the thermodynamic models as discussed below.
It is well established that, when the solid is hydrophobic with rough features on it, a water drop deposited on such a surface remains extremely spherical (Bico et al. 2001 (Bico et al. , 2002 Ishino et al. 2004) . This is attributed to the fact that the liquid is only in contact with the upper part of the relief and the roughness is mainly filled with air, leading to super-hydrophobicity. In contrast, for a hydrophilic solid such as Ti-6Al-4V, the presence of the surface texture leads to a certain amount of liquid invasion when brought in contact with a liquid phase. This invasion of the liquid depends on the geometric parameters of the surface design and is known as hemi-wicking (Bico et al. 2001) . The process of hemi-wicking alters the contact angle, and, therefore, the critical angle (q c ) below which a liquid can impregnate a textured surface can be calculated based on energy balance equations. For the ease of calculations based on the energy balance equations, the grooves were approximated to be of triangular type and the pillars to be of cylindrical type.
For spontaneous invasion of liquid into a groove pattern (figure 11a), the solid must lower its energy by being wet (g SL < g SA ). The liquid/vapour interface at the top of the groove is assumed to be flat and corresponds to a minimum surface area. Therefore, if the liquid progression front advances by a distance dx, the change in the surface energy (dE) is given by the following equation (Bico et al. 2001) :
Here g SL , g SA and g LA are the interface energies between solid-liquid, solid-air and liquid-air interfaces, respectively, and are connected by an equation known as Young's equation,
Here, q is considered as the chemical angle of the solid assuming the surface to be molecularly flat. Substituting Young's equation (equation 4.3) into equation (4.2), it can be hypothesized that liquid progression is favourable (dE < 0) if q * or q < q c , where q c is the critical angle for wetting and can be derived as (Bico et al. 2001) 
Therefore, for groove texture, the critical angle for wetting depends on the roughness factor R f = 1 + (4h 2 /w 2 ) (i.e. the ratio of the actual surface area to apparent surface area). In contrast, a surface with an assembly of pillar patterns (figure 11b) is characterized by f S (solid fraction remaining dry) and roughness factor R f = 1 + 2(h/d) (i.e. the ratio of the actual solid area to its projected area). If on such a surface the progressive front of the liquid phase advances by a distance dx (figure 11b), the interfacial energies change by a quantity dE (per unit width of the sample) as per the following equation (Bico et al. 2001) : 
(4.5)
The first term on the right-hand side of the above equation is related to the replacement of a dry solid by a wet one and is proportional to the factor (R f -f S ). The second term is related to the creation of a liquid/vapour interface and is proportional to (1 − f S ). The liquid progression is favourable if dE is negative and by introducing Young's equation gives the condition for wetting on such a surface as (Bico et al. 2001) q * or q < q c with cos
Therefore, the liquid invasion on the microtextured solids can be tuned by effectively modifying the structures. Using the above relationships and experimentally measured geometrical parameters (w, h and d) of the features obtained using laser-based optical interference patterning technique, the roughness factor R f was calculated for both groove and pillar patterns and plotted as a function of laser power (figure 12a). It can be observed (figure 12a) that there is a slight increase in R f with increasing laser power for both the groove and pillar patterns, and R f is higher for the pillar pattern than for the groove pattern. This increased value of roughness factor (R f > 1) for the pillar pattern is attributed to reduced width d of the features as a result of the two-step processing involved in this technique. Further, the critical wetting angle (q c ) based on equations (4.4) and (4.6) was calculated for the groove and pillar patterns, respectively, and plotted as a function of laser power (figure 12b). Here, for the pillar patterns, the liquid is assumed to seep into the interpillar region with the top of pillars remaining dry, and therefore, f S (solid fraction remaining dry) is calculated from the geometry of the pillars (figure 11b). It can be observed (figure 12b) that there is an increase in the critical wetting angle (q c ) with increasing laser power for both the patterns, and the values of the critical wetting angle (ranging from 3
• to 48 • ) are subsequently smaller than the chemical or the Young angles (q) obtained using both distilled water and SBF (table 2) . As a result, the condition for wetting (q * or q < q c ) is not satisfied in both the cases (pillar and groove), and, hence, the liquid dewets on both the patterns owing to an increase in apparent contact angle (q * ). Keeping the above results in mind and understanding the limitations associated with the laser-based optical interference patterning technique in generating suitable surface features under a set of processing conditions employed in the present work, a modified technique based on laser direct writing was adopted. Here, to improve wettability, not only surface morphology but also surface chemistry was altered by directly melting calcium phosphate tribasic coating on Ti-6Al-4V substrate. Although in these coated samples diverse surface morphologies were generated within a set of laser processing parameters employed in the present work, no chemical phase variations were realized ). Hence, the wettability was observed as variation in the surface morphology. Low-magnification optical microscopic images (figure 13) of the surfaces of samples coated using the laser direct writing technique clearly demonstrate the effect of varying laser scan speed on the texture evolution. The laser scan speed influences the input energy density (table 1) and the laser spot overlap. These two parameters in turn greatly influence the surface morphology or the texture evolution in the coating. As seen in figure 13 , each pulse of a laser produces a solidified crater with a defined boundary and a flat region at the centre. Hence, as the laser scan speed is increased, the laser spot (crater) overlap is decreased as per equation (2.2), which in turn modifies the crater area as well as the surface texture. Also with increasing laser scan speed, the input energy density (fluence) decreased and resulted in reduced surface melting or less thermal effect at the surface. Thus, variation of laser processing parameters produced variable thermodynamic conditions, resulting in the creation of different physical surface textures (figure 13).
The two-dimensional morphological evolution (figure 14a) and the variation in height h of the features across a line scan (figure 14b) were obtained using the white light interferometer. It can be observed ( figure 14a,b) that the features were similar to those of a groove-like pattern and are of higher length scales when compared with the similar type features obtained using the laser-based optical interference patterning technique. Unlike the laser-based optical interference patterning technique, in the direct writing technique both the height h and width w of the grooves were varied with increasing laser power (table 3) . Contact angle measurements using distilled water and SBF demonstrated a decrease in apparent contact angle (q * ) with decreasing laser power (table 3) . Furthermore, as observed previously in the laser-based optical interference patterning technique, in the present case also, within the processing parameters, the SBF demonstrated a lower contact angle than the distilled water (table 3). The images of droplets of the distilled water (figure 14c) and SBF (figure 14d) formed on a sample processed at 156 W also clearly support the above observations. The decrease in apparent contact angle (q * ) for the processed samples (table 3) when compared with the chemical or Young angle (q) obtained from the flat Ti-6Al-4V can be explained based on the calculation of the critical wetting angle (q c ), as discussed earlier.
The roughness factor R f = 1 + (4h 2 /w 2 ) (i.e. the ratio of the actual surface area to apparent surface area for the groove pattern) and the corresponding critical wetting angle (q c ) based on equation (4.4) are plotted as a function of laser power (figure 15). The roughness factor R f and the critical wetting angle q c increased with increasing laser power. The critical wetting angle varied from 75
• to 82 • , which is far greater than the range of apparent contact angle for both distilled water (38-44
• ) and SBF (15-22 • ) (table 3) . Hence, as the criteria for wettability or liquid invasion (q * or q < q c ) are satisfied, a liquid drop placed on such a surface is not being pinned by the defects and flows into the contours, thereby resulting in a reduced apparent contact angle (q * ). As the Ca-P-coated samples obtained by the laser direct writing technique demonstrated significant wettability to physiological fluids (SBF) compared with laser interference structured surfaces (on bare Ti-6Al-4V), a preliminary study on cell compatibility was carried out on a representative (Ca-P coated) sample. Further, since the sample processed at 156 W provided the maximum contact angle and thereby less wettability, it was chosen for the study of biocompatibility. Cell morphology for the sample after 1 day of culture was assessed by SEM, and the results are presented in figure 16 . The MC3T3-E1 osteoblast cells possessed a triangular morphology, and they were well spread on the surface. Especially, their good adhesion was characterized by the lamellipodia trying to extend and adhere along the grooves. The cytoskeletal organization of the cells after 1 day of culture as observed using a fluorescence microscope is shown in figure 17 . The presence of stressed actin filaments and a well-developed nucleus further proved the strong proliferation and good focal adhesion contact to the Ca-P-coated surfaces.
Unlike most research articles on wettability in which the prime focus was to improve hydrophobicity for self-cleaning (Bico et al. 2001 (Bico et al. , 2002 Palasantzas & De Hosson 2001; Ishino et al. 2004; Ma et al. 2005 Ma et al. , 2007 Sheng et al. 2007;  100 µm 10 µm Figure 16 . SEM micrographs revealing the morphology of the MC3T3-E1 osteoblast cells following culture for 1 day on a laser direct writing synthesized Ca-P-coated sample obtained at a laser power of 156 W. Figure 17 . Fluorescent micrographs for cytoskeleton assessment of adherent MC3T3-E1 osteoblast cells after culture for 1 day on a laser direct writing synthesized Ca-P-coated sample obtained at a laser power of 156 W. Scale bar, 100 mm. Bhusan et al. 2009; Yong & Zhang 2009 ), the above study was mostly focused on improving the wettability or hydrophilicity for load-bearing implants. Since implant materials when placed inside a human body come in contact with the physiological fluids, which then further governs the protein interaction followed by cell attachment and tissue integration at the interface, an improved hydrophilic behaviour was considered ideal for such surfaces. As the wettability or the contact behaviour of a liquid can be tuned by the surface morphology or surface textures, the techniques such as laser-based optical interference patterning and direct writing can be instrumental in creating the surface textures at different length scales on the Ti-6Al-4V surface. Furthermore, these techniques in integration with the computational model approach and fundamental understanding of involved physical phenomena can be important to control surface texture parameters such as width, height and periodicity in tuning the wettability for improved biocompatibility. Apart from load-bearing implant applications, the above understanding can also be used to design surfaces for corrosion prevention, self-cleaning (water repellent), energy conversion and conservation, biomimetics, etc.
Conclusions
A systematic study based on the laser-based surface modification technique to improve the wettability of the load-bearing implant alloys (Ti-6Al-4V) to physiological fluids is demonstrated. The surfaces were characterized based on the roughness factor and the apparent contact angle measurements. The groove and pillar patterns obtained using the interference patterning technique resulted in an increase in apparent contact angle. Such an increase was attributed to the decrease in the critical wetting angle as a result of the pinning effect created by the sharp grooves on the liquid drop. Owing to the limitations associated with the laser-based optical interference patterning technique in getting appropriate surface features, a modified technique based on laser-based direct writing was adopted. Here, to improve the wettability, both the surface morphology and the surface chemistry were altered by directly melting calcium phosphate tribasic on Ti-6Al-4V substrate. The groove features obtained using the direct writing technique demonstrated a significant decrease in the apparent contact angle. This improved wettability is concluded as a result of the increase in the critical wetting angle. The well-organized morphological evolution and the spreading of the MC3T3-E1 osteoblast cells after culture for 1 day on a representative Ca-P-coated sample further proved its biocompatibility.
